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ABSTRACT
Objective: Scuba and breath-hold divers are compared 
to investigate whether endothelial response changes 
are similar despite different exposure(s) to hyperoxia.
Design: 14 divers (nine scuba and five breath-holding) 
performed either one scuba dive (25m/25 minutes) or 
successive breath-hold dives at a depth of 20 meters, 
adding up to 25 minutes of immersion time in a diving 
pool.
Flow-mediated dilation (FMD) was measured using 
echography. Peripheral post-occlusion reactive hyper-
emia (PORH) was assessed by digital plethysmog-
raphy and plasmatic nitric oxide (NO) concentration 
using a nitrate/nitrite colorimetric assay kit. 
Results: The FMD decreased in both groups. PORH 
was reduced in scuba divers but increased in breath-
hold divers. No difference in circulating NO was ob-
served for the scuba group. Opposingly, an increase in 
circulating NO was observed for the breath-hold group. 
Conclusion: Some cardiovascular effects can be ex-
plained by interaction between NO and superoxide 
anion during both types of diving ending to less NO 
availability and reducing FMD. The increased cir-
culating NO in the breath-hold group can be caused 
by physical exercise. The opposite effects found 
between FMD and PORH in the breath-hold group 
can be assimilated to a greater responsiveness to cir-
culating NO in small arteries than in large arteries. 
_____________________________________________________________________________________________
INTRODUCTION
during a self-contained underwater breathing appara-
tus (scuba) dive, divers are exposed to various external 
influences, which may affect cardiovascular function. 
indeed, previous studies have shown that scuba diving 
is associated with an increased pulmonary artery pres-
sure [1], reduced cardiac output [2] as well as right 
ventricular overload, impaired left ventricular diastolic 
performance [3] and arterial endothelial function 
[4,5]. Most of these changes are still present post-dive. 
several hypotheses have been proposed to explain the 
post-dive endothelial dysfunction such as venous gas 
emboli (VGe) formation acting on endothelial cells 
[6,7] or presence of reactive oxygen species (ros) 
[8] related to the increased oxygen partial pressure.
 intravascular bubbles are treated as a foreign body 
which has been shown to activate the complement 
pathway in vitro [9,10) and may lead to endothelial 
damage [6,7,11]. VGe are often observed during 
decompression following a dive, be it wet [12] or dry 
[13]. Brubakk et al. [5] reported that a single air dive 
produces endothelial dysfunction. the production of 
venous gas emboli has been questioned for breath-
hold divers since they dive on a single breath and are 
not supplied with pressurized gas throughout the dive 
as are scuba divers [14]. it could thus be expected 
that in the case of very few and possibly no bubble 
formation while breath-hold diving, there would be no or 
limited endothelial dysfunction.
 sustained hyperoxia during scuba diving leads to an 
increased presence of ros which are known to have 
an effect on endothelial function. this can be reduced 
by four weeks of oral antioxidant supplementation 
[15]. Hyperoxia also leads to alterations in cardio-
vascular function and autonomic control during the ex-
posure and after the return to normoxic breathing [16].
 on the contrary, during breath-hold diving, the 
oxygen partial pressure increases during the deep 
phase, but for a limited period of time. Breath-hold 
diving is then associated with transient hyperoxia 
followed by hypoxia and a build-up of co2, chest-wall 
compression and significant hemodynamic changes. 
 therefore the aim of the study is to compare scuba 
and breath-hold divers to investigate the effect of breath-
hold diving (intermittent hyperoxia) on endothelial-
dependent vasodilation, especially since a vasocon-
striction can be observed during longer hyperoxia [17].
MATERIALS AND METHODS 
Study population
after written informed consent and ethics committee 
approval, nine male experienced scuba divers (mini-
mum certification “Autonomous Divers” according 
to ISO 24801-2 with at least 50 logged dives) and five 
breath-hold divers (at least four years of experience) vol-
unteered for this pilot study. they were selected from a 
large sports divers population in order to obtain a consis-
tent group for age, body composition and health status: 
non-smokers with regular but not excessive physical
activity (aerobic exercise one to three times a week). 
 prior to entering the study, they were assessed 
on fitness to dive. None of the subjects had a history 
of previous cardiac abnormalities, and none of them 
were under any cardio-active medication. 
Dive profile and timeline of measurements 
all measurements were made in a pool environment 
(Nemo33, Brussels, Belgium) with a water temperature 
of 33°c, thus needing no thermal protection suit. all 
participants were asked to refrain from strenuous exer-
cise for 48 hours before testing. The diet of all subjects 
was controlled, avoiding nitrate-rich foods [18]. all 
tests were done in the morning, and the last meal was 
about 10 hours prior to testing.
 each scuba diver performed a dive to a depth of 
25 meters for 25 minutes. This depth-time profile falls 
within accepted “no-decompression limits” [19]. Descent 
speed was at 15 meters per minute; ascent speed was 
at 10 meters per minute to the surface, with no safety 
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stop (none required according to the U.s. Navy 
dive table used).
 each breath-hold diver performed successive dives 
to a depth of 20 meters for a total immersion time of 25 
minutes. the breath-hold divers performed their dives 
in pairs so that each diver also served as safety 
buddy for the other.
Measurements
Endothelial function
arterial endothelial function was assessed before and 
after each scuba dive or series of breath-hold dives by 
measuring the flow-mediated dilation (FMD) of the 
brachial artery [20]. since it is the relative FMd 
variation which is of interest here, the FMd measure-
ment was assessed according to the methodology used 
by Brubbakk et al. [5] for the same kind of in-field 
analysis following a standardized protocol and guide-
lines [21]. the FMd was measured with a 5-10 MHz 
transducer (Mindray dp 6600, Mindray, china). the 
brachial artery diameter was measured from longi-
tudinal images with the lumen–intima interface visu-
alized on both (anterior and posterior) walls. Bound-
aries for diameter measurement were identified 
automatically by means of a boundary tracking software 
(FMd-i software, FloMedi, Belgium) and optically 
controlled by a researcher. 
 once the basal measurements were obtained, the 
sphygmomanometric cuff, placed above the ultra-
sound probe, was inflated and held at 50 mmHg 
above systolic pressure for five minutes. Occlusion 
up to five minutes produces a transient artery dilation 
attributable to No synthesis [22]. 
 After ischemia the cuff was rapidly deflated, and the 
brachial artery was monitored for an additional four
minutes automatically. all measurements were taken 
by the same experienced operator to increase consistency 
of measurements. the FMd was computed as the per-
centage change in brachial artery diameter measured 
at peak dilation.
Post-occlusion reactive hyperemia (PORH)
the relative dilation of small arteries was measured 
by post-occlusion reactive hyperemia (porH). this is 
a technique which was recently demonstrated useful 
in measuring peripheral vascular function [23]. a 
plethysmographic probe (cardiovarisc, FloMedi, 
Belgium) was placed on the index finger of both hands 
during the entire FMd procedure. during FMd, the 
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amplitude tracing of the two fingers was recorded. In 
the arm undergoing hyperemia, baseline amplitude was 
recorded. During cuff inflation, flow is occluded and 
restored after cuff release (hyperemic period). in the 
contralateral control finger, flow continues throughout 
and pulse amplitude undergoes minimal changes. in 
this test, the response of the pulse wave amplitude 
to hyperemia was calculated from the hyperemic 
fingertip as the ratio of the post-deflation pulse 
amplitude to the baseline amplitude.
 to obtain the pulse amplitude ratio, we divided 
previous ratio by the corresponding ratio at the control 
hand as described in Kuznetsova et al. [23]. photopleth-
ysmography works by having an infrared light at a 
wavelength of 940 nm illuminate the skin and then 
measuring the amount of light reflected back to a photo-
diode, which converts it into an electrical current. the 
changes in light absorption measured reflect the path 
length that the light has to travel in the bloodstream 
and therefore the degree of dilation of the artery. 
the pulse trace was displayed and recorded. 
 the pulse amplitude ratio was calculated as the wave-
form amplitude just before occlusion, divided by the 
waveform amplitude at baseline. the percentage of 
pre-occlusion values, normalized to the magnitude 
of variation of the other arm, was automatically
measured to avoid any environmental interference.
Circulating nitric oxide
Venous blood samples were collected in an edta tube 
before and after either the scuba or breath-hold dives 
and then immediately centrifuged at 1400g (1400 x 
9.81m/s2) for 10 minutes at 4°c. plasma samples were 
stored at -80°c and analyzed within the following six 
months. plasma levels of nitrite and nitrate, No meta-
bolites, were determined by a colorimetric method 
(Fluka, industriestrasse 25cH-9471 Buchs, switzer-
land). the No2/No3 assay Kit contains dyes, nitrate re-
ductase, enzyme co-factor, buffer solution and No2, No3 
solutions as standards. total No metabolites are thus de-
tectable. the suitable No2 detection range is from 10 to 
100 µM. at the time of the nitrite/nitrate (Nox) assay, 
plasma samples were ultra-filtered through 10 kDa 
molecular weight cut-off filters and centrifuged at 
4000g for 60 minutes at 20°c in order to remove hemo-
globin, which is known to interfere with subsequent 
spectrophotometric measurements. Nox concentration 
in different dilutions of plasma ultrafiltrate was deter-
mined by colorimetry based on the Griess reaction, 
which consist of three main steps: 1) enzymatic conver-
sion of nitrate into nitrite using nitrate reductase in the 
presence of NadpH; 2) incubation with Griess reagent 
to convert nitrite into a chromophore compound; and 
3) quantitative estimation of nitrite concentration by 
spectrophotometric measurement of the absorbance at 
550 nm. standards for calibration curves were prepared 
with sodium nitrite and taken through the full assay 
procedure. 
Statistical analysis
statistical analyses were conducted using Graphpad 
prism 5 (la Jolla, calif., Usa) on the computer. 
data are given as a percentage of pre-dive values. the 
difference between the percentage of pre-dive values 
and 100% was compared by a two-tailed one-sample 
t test when normality of the sample was reached as 
assessed by the Kolmogorov-smirnov test. otherwise, 
the non-parametric Wilcoxon rank sum test was used. 
Statistical significance level was set at p<0.05. 
RESULTS
When comparing scuba and breath-hold divers, as far 
as age (40.1 ± 5.8 years vs. 34.4 ± 9.9 years), height 
(180.2 ± 5.2 cm vs. 182.6 ± 3.4 cm),  weight (82.9 ± 
10.3kg vs. 78.5 ± 9.8 kg) are concerned; both groups 
are comparable. There was no significant difference
in anthropometric data between groups (p>0.05). 
 Because of the design of the study, the structure of 
the immersion was different between groups. indeed, 
breath-hold divers were asked to perform a series of 
successive dives (up to 25 minutes of total immersion 
time). the average number of repetition was 10 ± 0.84 
dives, with an average immersion time of 25.6 minutes 
± 58 seconds. the mean recovery period between suc-
cessive breath-hold dives was 4.91 ± 1.31 minutes. 
the breath-hold divers performed their dive in pairs, 
allowing each diver to serve as safety buddy for the 
other. the variation in recovery time is therefore un-
derstandable. all divers completed the study, and no 
one developed symptoms of decompression sickness.
Basal diameter of brachial artery and FMD
in the scuba group, the mean of basal diameters (pre-
occlusion diameters) of the brachial artery was sig-
nificantly reduced after compared to before scuba 
diving (85.76 ± 14.60 % of pre dive values, which 
corresponds to a reduction of 14.24%; p=0.019). 
similarly, a reduction of the FMd was observed 
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after a scuba dive (94.26 ± 7.33 % of pre dive values 
which corresponds to a reduction of 5.74 %; p = 0.047). 
in breath-hold divers, a difference in basal diameters was 
observed, however non-signifi cant, between pre and post 
dive (86.56 ± 24.19% of pre dive values which corre-
sponds to a reduction of 13.44 % ; p > 0.05). curiously, 
a FMd reduction was also observed after breath-hold 
diving (95.43 ± 3.51% of predive values which corre-
sponds to a reduction of 4.57 % ; p=0.043). there was no 
difference between the scuba and the breath-hold group. 
results of FMd assessment are shown in Figure 1.
Post-occlusion reactive hyperemia (PORH)
a reduction of porH was observed after scuba diving 
(73.38 ± 26.33 % of pre-dive values, which corresponds 
to a reduction of 26.62 %; p=0.024), while an increase 
of porH was observed after breath-hold diving (149.5 
± 28.37 % of pre-dive values which corresponds 
to an increase of 49.5%; p=0.017). A signifi cant differ-
ence was observed (Figure 1) for porH between breath-
hold and scuba divers (p=0.0004). 
Circulating nitric oxide
No signifi cant difference in NO concentration was 
found before and after a single scuba dive of 25m/25 
minutes (100.5 ± 35.33 % of pre-dive values, which 
corresponds to an increase of 0.5 %; p>0.05) but circu-
lating NO signifi cantly increased after a series of suc-
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FIGURE 1 – FMD and PORH before and after diving
Flow-mediated dilation (FMD) and post-occlusion reactive 
hyperemia (PORH) before and after diving. 
Results are shown in percentages of pre-dive values 
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FIGURE 2 – NO after BH or scuba
Evolution of circulating nitric oxide (NO) after breath-hold 
(n = 5) or scuba (n = 9) diving. 
Results are shown in percentages of NO pre dive values 
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cessive breath-hold dives (154.4 ± 21.9 % of pre-dive 
values which corresponds to an increase of 54.4 %; 
p=0.005). Unlike the FMd, which did not show any 
differences between the two groups (p>0.05), in the 
breath-hold group the percentage of circulating No 
after diving compared to pre-dive was signifi cantly 
higher (Figure 2) than in the scuba group (p=0.008).
DISCUSSION
in the current study, signs of endothelial dysfunction, 
indicated by a reduction of FMd, are found in both 
groups, and no signifi cant difference was observed 
between the two groups. in scuba divers, the reduced 
FMD confi rms the fi ndings of other authors. 
(4,5,15,24,25). However in breath-hold diving the 
reduction of FMd is associated with an increase in 
circulating No, whereas in scuba diving it is not. 
the mechanisms that cause endothelial dysfunction 
after scuba diving are not clear yet. Hyperoxia-induced 
oxidative stress has been evoked, since it is known 
that hyperoxia leads to vasoconstriction [26,27]. the 
generally accepted hypothesis is that the increase in 
oxygen partial pressure promotes oxidative stress, which 
is at the origin of endothelial dysfunction [26]. this is 
because it has been shown that hyperoxia enhances the 
production rate of anion superoxide [28], a powerful 
reactive oxygen species (ros) which interacts with 
No, leading to its destruction and to the production of 
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peroxinitrite (oNoo-) [29]. indeed, the FMd reduction 
after scuba diving is partly prevented by administration 
of vitamins c and e for four weeks before the dive [4,15,
24]. ros not only scavenge No and decrease No bio-
availability, but also oxidize tetrabiopterin (BH4), a 
major co-factor of endothelial nitric oxide synthase 
(eNos) into dihydrobiopterin (BH2), which induces a 
reduced liberation of No by uncoupling of eNos [30]. 
an impaired BH4 bioactivity is involved in hyper-
tension-induced endothelial dysfunction [31,32]. so, if 
a co-factor of eNos is impaired, an FMd reduction 
will also be observed. Furthermore, oxidative stress 
causes a down-regulation of eNos, which leads to a 
decrease of No-production [33]. this in turn leads to 
reduced No-mediated vasodilation, as assessed by 
decreased basal diameter (pre-occlusion) of the
brachial artery and fl ow-mediated vasodilation. 
 As shown in Figure 3, fl ow-mediated dilation (FMD) 
and nitric oxide (No) were measured before and after 
Pre-dive blood sampling
Circulating NO measurement
Post-dive +15 minutes blood sampling
No circulating NO variation






FIGURE 3 – Summary of the proposed mechanisms during scuba diving. 
Refer to the text for more explanation.
the dive. No variation in No is observed after the dive. 
our hypothesis is that diving at 25m for 25 minutes 
leads to hyperoxia, increasing the amount of superox-
ide anion (o2-). o2- reacts with No to form oNoo-. 
No is thus less available to participate in the FMd. 
therefore, a reduced FMd is observed after the scuba 
dive.
 our data show that endothelial function is impaired 
in the microcirculation after a scuba dive, as indicated 
by a reduced porH. However the lack of difference in 
nitrite/nitrate levels between pre- and post-dive values 
supports the assumption that the FMd reduction after 
scuba diving may not be due to changes in No synthe-
sis/release, but rather to a decreased availability of No. 
this can be due to a bigger oxidative stress inactivat-
ing and/or sympathetic and parasympathetic activities as 
a consequence of hyperoxia. the latter leads to altera-
tions in cardiovascular function and autonomic control 
during the exposure and even after coming to normoxic 
breathing [16]. in addition, a decrease in volemia and 
cardiac preload have been commonly reported after 
water immersion [34] or diving [35]. Furthermore, one 
can hypothesize that the increased po2 during scuba 
diving will moderately increase vascular resistance as 
shown while breathing hyperoxic mixtures  [16,36,37]. 
a reduction of cardiac stroke volume and cardiac output 
as well as a moderate reduction of ejection fraction have 
been reported during scuba diving (38,39); all are con-
comitant with the reduced FMd observed after a 
scuba dive.
 in breath-hold diving an FMd reduction was also 
observed after a series of successive breath-hold dives. 
To our knowledge, these are the firsts results to be 
reported on breath-hold divers. decreased FMd seems 
to indicate that breath-hold diving acts on endothelial 
function. surprisingly, opposite effects on large arteries 
and peripheral circulation are observed, and the FMd 
reduction is accompanied by an increase in circulat-
ing No. as peripheral vessels are smaller, shear stress 
is more important in these vessels than in the brachial 
artery. Moreover, it is known that there is an inverse 
relationship between artery size and the magnitude 
of endothelium-dilation [40]. Bigger arteries like the 
brachial artery are less sensitive to shear stress. it is 
not unusual to find a different reaction between endo-
thelial function in large arteries and post-occlusive 
reactive hyperaemia in the finger [41]. 
 it is accepted that FMd is modulated by the No 
production by endothelial cells [42,43]. an explanation 
for the increased circulating No after breath-hold dives 
could be that it requires more physical effort than scu-
ba diving. indeed at the surface, breath-hold divers 
have positive buoyancy. they have to make efforts 
to go down during the first meters. When they come 
back to the surface, breath-hold divers have to fin 
from the bottom until they recover their neutral buoy-
ancy. on the other hand, scuba divers are heavier and 
go down easily without doing exercise. to come back 
to the surface, scuba divers usually use their buoyancy 
control device and no important physical exercise. 
 it is known that physical exercise increases No 
production [44], and under normal conditions exercise 
training improves endothelial function, which is 
directly related to an increase in No bioavailability in 
the smooth muscle [45]. in this breath-hold diving 
experiment we could not find this effect. It is hypo-
thesized that despite the increased No production, 
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exercise produces oxidative stress [46,47]. exercise 
and/or (at least in part) the intermittent hyperoxia and 
the subsequent hypoxia [48] during the dive, which both 
lead to a reduced availability of No can explain this 
endothelial reduced response. indeed, greater oxidative 
stress increases the level of superoxide anion (o2-) which 
interacts readily with No to form peroxynitrite, thus 
reducing the availability of No in the vascular smooth 
muscle (See Figure 4). the increased po2 during 
breath-hold immersion is so short, that it is difficult to 
consider it significant; nevertheless it has been shown 
that for breath-hold divers even short hyperoxic [49] 
or hypoxic situations [50] act as a powerful trigger for 
physiological responses with successive breath-hold dives. 
 it seems thus that No is inactivated during diving, 
even if hyperoxia is intermittent. We hypothesize that 
there is oxidative stress during breath-hold diving 
leading to endothelial dysfunction. in a following 
study, oxidative stress markers (as peroxinitrites) 
should be measured. it is of interest to estimate the 
amount of ros produced during such activities. of 
course, other concomitant factors can be present, as gas 
bubbles may lead to endothelial damage [6,7]. But this 
hypothesis is less supported because breath-hold divers 
dive on a single inhalation [14] of atmospheric air 
not really prone to provoke nitrogen supersaturation. 
therefore, although physical exercise may well be 
responsible for an increase in No production, the con-
comitant hyperoxia seems to have neutralized the No, 
resulting in more circulating metabolites, while reducing 
the bioavailability of No to participate in vasodilation.
 contrary to scuba diving, the reduction of the basal 
diameter of the brachial artery between pre- and post- 
breath-hold dives was not significant. Since PORH 
amplitude increases after breath-hold diving, this sug-
gests a reduced peripheral vascular resistance, contrary 
to the FMd, which decreases. as circulating No level 
increases after breath-hold diving, we can consider 
that the responsiveness to circulating No is greater 
in small arteries, such as digital arteries [51], than in 
large arteries, chosen for FMd measurements. indeed, 
Noon et al. [52] have suggested that endogenous nitric 
oxide production might be more important in regu-
lating microvascular blood flow in regions like the 
fingertips. Furthermore, these authors administered 
an inhibitor of nitric oxide synthase, and nevertheless 
proved a reaction via laser-doppler flowmetry, show-
ing that circulating No might be of primary interest.
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Pre-dive blood sampling
Circulating NO measurement
Post-dive +15 minutes blood sampling
No circulating NO variation
BREATH-HOLD DIVING
_____________________________________________________________________________________________________________
FIGURE 4 –  Summary of the proposed mechanisms during breath-hold diving.
Nitric oxide (NO) and fl ow-mediated dilation (FMD) were measured before and after the dive. The divers had to perform 
successive breath-hold dives adding up to 25 minutes. An increased NO accompanied by a reduced FMD is observed after 
the dive. It is hypothesized that there is an increase of oxidative stress due to exercise or (at least in part) to the transient 
increase in PO2 during the dive and/or an inhibition of the eNOS by the subsequent hypoxia, which both lead to a reduced 
availability of NO. Therefore, a reduced FMD is observed after the series of breath-hold dives.
Pre-dive 
Flow-mediated dilation
Post-dive +30 minutes 
Flow-mediated dilation
CONCLUSION
after both scuba and breath-hold diving, a decreased 
FMd was observed. simultaneously, an increase in 
circulating No was observed in the breath-hold diving 
group, whereas no such variation was observed in scuba 
divers. as demonstrated in several studies, scuba diving 
induces an increase in oxidative stress, which induces 
a reduced reactive vasodilation. this is not linked to No 
release because no variation in No level is observed af-
ter a scuba dive. it can thus be due to an inactivation 
of No, probably through oxidative stress.
 during breath-hold diving a similar reduction of 
FMd can be shown despite increased plasmatic No 
levels. since the surrounding conditions were compar-
able between the scuba and the breath-hold group, we 
can consider that the reduced FMd in both groups is due 
to a reduction of available No at the level of vascular 
smooth muscle, and that the increased level of circulat-
ing No in the breath-hold group was mainly due to the 
increased physical exercise compared to the scuba group. 
the response to exercise in the small arteries near the 
muscle is bigger than the effect of hyperoxia, leading 
to opposite effects on large arteries and peripheral 
circulation.
 the reduction of bioavailable No seems to be due 
either to the transient hyperoxia and/or to the subsequent 
moderate hypoxia in the breath-hold diving group. We 
conclude that both breath-hold and scuba diving reduce 
FMd but the implicated No-dependent mechanisms are 
different. Nevertheless this is a study on a few breath-
20 m
successive BH dives
adding up to 25 min
circulating NOcirculating NO
hold divers, although statistical tests take into account 
this limited number of measurements, the results have 
to be viewed with caution. it would then be interesting 
to make this experiment again with more breath-hold 
subjects.
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